The clinical outcome in patients treated with ampicillin-sulbactam may not always be predictable by disc susceptibility testing or with the MIC as determined with a constant level (4 g/ml) of the ␤-lactamase inhibitor (MIC 1 ). The enzyme activities (EA) and the MICs estimated at a constant ratio of ampicillin to sulbactam of 2:1 (MIC 2 ) for 15 TEM-1 ␤-lactamase-producing strains of Escherichia coli were examined as alternatives to MIC 1 as predictors of the antibacterial effects of this combined drug as studied in an in vitro model which simulates ampicillin-sulbactam pharmacokinetic profiles observed in human peripheral tissues. Integral parameters describing the area under the bacterial count-time curve (AUBC), the area between the normal growth curve, and the killing curve of bacteria exposed to antibiotic (ABBC), and the second parameter expressed as a percentage of its maximal hypothetical value (ABBC/ABBC max ) were calculated. All three parameters correlated well with EA (AUBC, r ‫؍‬ 0.93; ABBC, r ‫؍‬ ؊0.88; ABBC/ABBC max , r ‫؍‬ ؊0.91) and with MIC 2 (r ‫؍‬ 0.94, ؊0.94, and ؊0.95, respectively) but not with MIC 1 . Both EA and MIC 2 can be considered reliable predictors of the antibacterial effect of ampicillin-sulbactam in an in vitro model. These correlations suggest that in vitro kinetic-dynamic models might be useful to reexamine established susceptibility breakpoints obtained with data based on the MIC 1 (MICs obtained with constant levels of ␤-lactamase inhibitors). These data also suggest that quantitative determinations of bacterial ␤-lactamase production and MICs based on the component concentration ratio observed in vivo might be useful predictors of the effect of ampicillinsulbactam and other ␤-lactam-inhibitor combinations.
The search for optimal in vitro determinants or predictors of clinical outcome for antibiotics and of the antibacterial effect itself remains important in antimicrobial chemotherapy. Serious problems are associated with documenting the relation between the effect and its predictors, such as (i) the presence of numerous patient variables that mask the relation, (ii) difficulties in quantitating antibacterial and clinical effects, and (iii) insufficiently precise estimates of intrinsic antibiotic activity in terms of MICs or MBCs, which also do not consider the pharmacokinetics of the antibiotics tested (4) . Nonetheless, in vitro antibacterial tests including MIC determinations are widely used to select an appropriate drug in general practice.
With ampicillin-sulbactam, clinical results are not always predicted by the MIC, especially when a constant level of the ␤-lactamase inhibitor is used; clinical cures of documented infections by using ampicillin plus sulbactam have occurred in the face of resistant or intermediate susceptibility results (10) . We have reported similar observations using an in vitro dynamic model (3a) . In vitro simulation of human pharmacokinetics of ampicillin-sulbactam produced almost identical bacterial killing kinetics for Escherichia coli strains for which the MICs varied widely (8 to Ͼ1,000 g/ml), as determined with a constant level of sulbactam (4 g/ml). Therefore, it is reasonable to search for alternative predictors of the antibacterial effect of this ␤-lactam-inhibitor combination.
In the present study, quantitative determination of ␤-lactamase activity has been examined as a potential predictor of ampicillin-sulbactam antibacterial effect against TEM-1 ␤-lactamase-producing E. coli strains. The antibacterial effect was evaluated in an in vitro dynamic model simulating single-dose human pharmacokinetics of the drug.
MATERIALS AND METHODS
In vitro model, operating procedure, and simulated pharmacokinetic profiles. An in vitro pharmacokinetic-pharmacodynamic model described previously was used to simulate human tissue antibiotic profiles achieved with single intravenous doses of ampicillin-sulbactam (2, 3) . Briefly, this model consists of a sterile central compartment representing the systemic circulation (which includes a central reservoir, tubing, and the lumina of capillary bundles) and a peripheral compartment which represents extravascular sites of infection and which includes six artificial hollow fiber capillary units (Vitafiber; Amicon Corp., Lexington, Mass.) placed in series (2, 3) . Bacteria are placed in the peripheral compartment chambers, and antibiotics are injected into the central compartment and pumped to the peripheral chambers, where they diffuse through the selectively permeable capillary walls (with a molecular mass cutoff of 10,000 Da) into the units containing the bacteria. Bacteria do not penetrate into the central compartment.
The system was filled with sterile Mueller-Hinton broth supplemented with calcium (50 g/ml) and magnesium (25 g/ml) and was placed in an incubator at 37ЊC. The peripheral compartments were inoculated through rubber septa 2 h before antibiotics were added, and the resulting exponentially growing cultures approximated 10 4 CFU/ml. Peristaltic pumps circulated antibiotic-containing media from the central reservoir through the tubing and the capillary lumina and finally back to the central reservoir at a rate of 3 ml/min. The contents of the peripheral chambers containing 10 ml of broth and bacteria plus antibiotics also were circulated by peristaltic pumps.
Broth in the central compartment was continuously eliminated and replaced with fresh medium from a diluent reservoir to mimic the drug concentration-time profiles in peripheral tissue as observed in humans following single-dose intravenous administration of ampicillin-sulbactam (2 g/1 g). In all experiments, monoexponential concentration decays were simulated with an elimination half-life of 1 h (11). Control growth in the absence of antibiotics was studied in the same model.
Ampicillin concentrations in the central and peripheral compartments were determined by bioassays. Antibiotic medium no. 1 (Difco) seeded with Bacillus subtilis ATCC 6633 (Difco-Subtilis Spore Suspension) was used to prepare bioassay plates. Wells were made in the agar and were filled with 25 l of sample. The plates were incubated overnight at 37ЊC. After overnight incubation, the zone sizes were measured by using calipers. Ampicillin concentrations were calculated against a four-point standard curve by linear regression. The observed concentrations were close to the designed values, with no systematic deviation from expected values. At concentrations of between 4.7 to 75 g/ml, sulbactam did not interfere with ampicillin determinations.
Bacterial strains. Fourteen strains of E. coli that produced only TEM-1 ␤-lactamase as determined by isoelectric focusing (14) were tested. Most were resistant to ampicillin (MIC, Ͼ1,000 g/ml). One strain (E. coli 93-4300) did not produce ␤-lactamase (MIC, 7.8 g/ml). All were clinical isolates.
EA determinations. The ␤-lactamase activities (enzyme activity [EA], expressed as micromoles of cephaloridine [100 mol used as substrate] hydrolyzed per minute per milligram of protein) were determined spectrophotometrically (12) . An average of five determinations were performed for each strain.
Determinations of MICs. MICs were determined by the broth microdilution technique, with inocula of approximately 5 ϫ 10 5 CFU/ml (9) under two different conditions regarding the ratio of ampicillin to sulbactam. The bacteria were stored in liquid nitrogen and were preincubated at 37ЊC for 2 to 5 h to achieve the desired inoculum. Method 1. MICs as determined with a constant level of the ␤-lactamase inhibitor (MIC 1 s) were estimated at different ampicillin-to-sulbactam ratios by varying the ampicillin concentrations with a constant concentration of sulbactam of 4 g/ml.
Method 2. MICs estimated by using a constant (2:1) ratio of ampicillin to sulbactam (MIC 2 s) were determined by varying the ampicillin and ␤-lactamase inhibitor concentrations in parallel.
Quantitation of bacterial growth and killing. In each experiment, 0.3-ml samples were withdrawn from the peripheral compartments seven to eight times during the 8-h period which reflects the usual dosing interval in patients treated with ampicillin-sulbactam. These samples were subjected to serial 10-fold dilutions with chilled, sterile 0.9% NaCl and were plated in triplicate on MuellerHinton agar. In addition, 100 l of each sample was filtered through a 0.45-mpore-size membrane filter (HA [47-mm diameter]; Millipore Corp., Bedford, Mass.) and was also plated on agar. After incubation at 37ЊC, the resulting bacterial colonies were counted and the numbers of CFU per milliliter were calculated. Incubation times varied from 16 to 48 h, depending on the strain and plating method (direct or filter). With this model, most treated strains were studied in duplicate or triplicate. Two untreated strains were tested in duplicate. The standard deviation of the bacterial counts (both for treated and untreated bacteria) of replicate samples averaged 0.32 log CFU.
Quantitative evaluation of antibacterial effect. To compare bacterial killing among strains, an integral parameter was used to reflect the area under the bacterial count-time curve (AUBC) (7, 13, 15) . On the basis of the bacterial count-time data obtained in the presence of ampicillin-sulbactam, trapezoidal areas under the log CFU per milliliter-time curves for the 8-h observation period were calculated. The wide hatched area under this curve ( Fig. 1 ; the lower border of the closely hatched area) includes initial bacterial killing and regrowth and is a unique profile of changes in bacterial counts for a given organism under any particular dose and regimen. Not only to express these changes, i.e., bacterial count dynamics in the presence of a drug, but also to reflect the actual antibacterial effect, the difference between the AUBC in the absence of antibiotics (AUBC control ) and the AUBC in the presence of the drug was estimated (the area between the bacterial growth curves [ABBC]; see the closely hatched area in Fig. 1 ).
ABBC may be considered another estimate of a previously described integral parameter representing the intensity of the antibacterial effect, I E -area between bacterial killing-regrowth and normal growth curves up to the point when bacterial counts in the regrowth curve reach the maximal values observed in the absence of antibiotics (6). However, unlike this parameter, ABBC can be determined within a fixed observation period regardless of the phase of the bacterial kinetic curve observed in the presence of antibiotics. ABBC results are expressed in (log CFU per milliliter) ϫ hours. To express the ampicillin-sulbactam antibacterial effect as a percentage of the hypothetical maximum value of ABBC (i.e., ABBC max ϭ AUBC control ), the ratios of ABBC to ABBC max were calculated.
Stepwise multiple correlation and regression analyses of the relations between the AUBC, ABBC, and ABBC/ABBC max and the MICs or EA as well as those between MICs and EA were performed with STATGRAF software (STSC, Inc.).
RESULTS
The ampicillin-sulbactam combination produced pronounced reductions in the inocula for most of the 15 strains studied. However, as seen in the sample curves (Fig. 2) , bacterial regrowth occurred in different patterns by the end of the 8-h observation period with 13 of the 15 E. coli strains. The two strains that did not regrow are not represented in Fig. 2 . As seen in Table 1 , the differences in bacterial killing curves observed with the 15 strains studied in this model could not be explained by differences in MIC 1 s determined at the constant concentration of sulbactam (method 1). Moreover, since most of the MIC 1 s exceeded 1,000 g/ml (Table 1) , it was impossible to more accurately correlate the antibacterial effect with MIC 1 .
At the same time, the obvious differences in the killing curves (Fig. 2) for three E. coli strains for which the MIC 1 s were similar but for which the EA were different could be explained by differences in the EA but not in the MIC 1 . In addition, AUBC, ABBC, or ABBC/ABBC max did not correlate with MIC 1 (data not shown).
However, EA values were distinctly correlated with AUBC, ABBC, and ABBC/ABBC max values (Fig. 3) . The plot of AUBC versus EA (Fig. 3) shows that higher enzyme produc- 
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tion is associated with a larger AUBC, i.e., a smaller antibacterial effect. Thus, bacteria which produce a large amount of ␤-lactamase are killed less readily than those which produce smaller amounts of the enzyme. The antibacterial effect is therefore inversely proportional to EA, since the AUBC is directly proportional to the EA. Since the ABBC is inversely proportional to EA (higher enzyme activity resulting in less antibacterial effect), this parameter might be inherently more logical because a higher enzyme activity would be expected to correlate with less bacterial killing. Similarly, the relation of the ABBC/ABBC max to the EA is also consistent with expected inverse proportionality to the EA. The latter relation is the most convenient, since it provides the prediction of the antibacterial effect in terms of a percentage of its maximal value. These data suggest that EA determination might be a better in vitro predictor of antibacterial effect than the MIC 1 determined at a constant concentration of sulbactam, i.e., at an arbitrary ampicillin-sulbactam ratio. Unlike the EA, the MIC 1 did not correlate with any of the antibacterial-effect parameters. However, when MIC 2 s (with a constant ratio of ampicillin to sulbactam of 2:1 [method 2]) were studied, good correlations were found with the MIC 2 s and the AUBC, ABBC, and ABBC/ABBC max values (Fig. 4) . Therefore, MIC 2 (with a constant 2:1 ratio) but not MIC 1 (with a constant sulbactam concentration) is an acceptable predictor of the antibacterial effect of ampicillin-sulbactam.
The presence of an interrelation of two in vitro predictors might verify the observations shown here with the new parameters AUBC, ABBC, and ABBC/ABBC max . The strong correlation between EA and MIC 2 (Fig. 5) is consistent with their respective correlations with the antibacterial-effect parameters. Because of the strong interrelation between EA and MIC 2 , simultaneous use of both predictors in the matrix of stepwise multiple correlation analysis did not result in moreaccurate prediction of the AUBC, ABBC, and ABBC/ABBC max values; the multiple correlation coefficients were insignificantly higher than the respective paired correlation coefficients.
DISCUSSION
The optimal role of in vitro determinations of antibacterial activity in predicting clinical results remains unclear. Most clinical microbiology laboratories report susceptibility data in terms of MICs of antibiotics reflecting actual MIC determinations or surrogate disc size measurements. With some antibiotics, especially ampicillin-sulbactam and possibly other ␤-lactam-␤-lactamase inhibitor combinations, the clinical results may exceed those predicted by routine in vitro sensitivity data (10) . Thus, there is a need to search for alternative predictors or determinants of antibacterial effect and clinical outcome.
Although clinical data are ultimately necessary to determine the value of in vitro predictors, it is often difficult to discriminate or select among these predictors (4). To make the discrimination more accurate, bacterial-killing kinetic data obtained with in vitro simulations of human pharmacokinetic profiles are used as an alternative basis for the predictor selection (1, 16) . This approach was applied in our investigation to discriminate between a traditional predictor (MIC) and a new predictor (EA) of the antibacterial effect of ampicillinsulbactam. Bacterial killing following exposure to simulated single-dose intravenous administration of ampicillin-sulbactam was studied in the dynamic model.
Good correlations were found with several new estimates of antibacterial effect (AUBC, ABBC, and ABBC/ABBC max ) and EA of TEM-1 ␤-lactamase-producing E. coli, but not with the MICs as determined at a fixed concentration of sulbactam (MIC 1 ). This observation is not surprising, for in most cases the MIC 1 s were obtained at ratios of ampicillin to sulbactam which differed from ratios observed in humans and those simulated in the dynamic model, as well as the 2:1 component ratio in the drug itself. For example, when MIC 1 was equal to Ͼ1,000 g/ml, it reflected the activity of ampicillin-sulbactam at the concentration ratio of Ͼ250:1, i.e., at conditions of pronounced deficiency of the inhibitor. It has been shown previously that the antibacterial effect of ampicillin-sulbactam is extremely sensitive to the ratio of these components, especially when that ratio exceeds 2:1 (8). It is certainly possible that MIC 1 and MIC 2 would have correlated well with the new parameters and with each other if only very susceptible strains had been studied.
That good correlations with the antibacterial-effect parameters and MICs determined at a constant ratio (2:1) of ampicillin to sulbactam (MIC 2 ) but not with the MIC 1 were found in this study also demonstrates the importance of the antibiotic-inhibitor ratio. Thus, the data presented suggest that both EA and MIC 2 are likely to be useful in reexamining established susceptibility breakpoints based on data obtained with fixed concentrations of ␤-lactamase inhibitors.
The in vitro kinetic-dynamic model used here provided a unique ability to study the kinetics of antibacterial effects by simulating human pharmacokinetic profiles. In addition, three parameters to quantitatively evaluate antibacterial effects were described and tested. All of these are integral parameters and provide an unequivocal evaluation of ampicillin-sulbactam's antibacterial effect in each experiment. A similar approach has been validated recently (6) and has been applied to in vitro simulation of the pharmacokinetic profiles of cefotaxime and sisomicin (5) .
Although the three integral parameters described are of similar natures, clearly covary, and provide equally good correlations with bacterial ␤-lactamase activity as well as with MIC 2 , the correlations obtained with ABBC or ABBC/ABBC max are preferable to those obtained with AUBC, since the first two parameters consider the intrinsic features of each strain in terms of its growth pattern in the absence of antibiotics. Unlike the AUBC or the area above the curve described by Wiedemann and Jansen (17) , the algebraic sum of the areas between the bacterial killing curve and the line representing the initial inoculum, the ABBC, and the ABBC/ABBC max relate antibiotic-induced bacterial killing to the control growth of each individual strain. ABBC might be a direct measure of the antimicrobial effect.
Overall, these results suggest that ␤-lactamase production by a given bacterial strain and the MIC as determined with a fixed ratio of ampicillin to sulbactam that reflects their concentration ratios in humans and in the drug formulation might be better in vitro predictors of antibacterial action than the standard MIC determined with a fixed concentration of sulbactam. Obviously, clinical correlations are needed. Furthermore, in vitro pharmacokinetic-pharmacodynamic models that incorporate pharmacokinetic parameters might be useful tools to search for and discriminate among predictors of antibacterial effects. 
